The purpose of this study was to investigate the therapeutic effects of crocin on ovariectomy-induced osteoporosis in rats. Female Sprague-Dawley rats were randomly assigned to a sham-operated group (sham) and five ovariectomy (OVX) subgroups, that is, OVX with vehicle (OVX), OVX with 17 -estradiol (E 2 , 25 g/kg/day), and OVX with graded crocin doses (5, 10, or 20 mg/kg/day). Daily oral administration of E 2 or crocin started 4 weeks after OVX and lasted for 16 weeks. Our results showed that crocin dosedependently inhibited the BMD reduction of L4 vertebrae and femurs caused by OVX and prevented the deterioration of trabecular microarchitecture, which were accompanied by a significant decrease in skeletal remodeling as evidenced by the lower levels of bone turnover markers. Furthermore, crocin reversed the oxidative stress status in both serum and bone tissue. The present study indicates that the administration of crocin at higher doses over a 16-week period can prevent OVX-induced osteoporosis in rats without hyperplastic effects on the uterus, which may, at least partially, be attributed to crocin's antioxidative property. In brief, crocin is a natural alternative for postmenopausal osteoporosis treatment in elderly women.
Introduction
Osteoporosis is a systemic skeletal disease characterized by reduced bone mass and microarchitectural deterioration of bone tissue with a consequent increase in bone fragility and susceptibility to fractures [1] . According to data released by the World Health Organization (WHO), osteoporosis affects approximately 75 million people throughout Europe, the USA, and Japan [2] . The incidence of osteoporosis increases dramatically with life expectancy. Accordingly, the risk of osteoporotic fractures and their associated costs is rising rapidly due to population aging [3] . In the elderly, hip fractures are closely associated with mortality [4] . Hormone deficiency is known to impair cancellous metaphyseal bone and reduce BMD in humans and animals; therefore, the estrogen deficiency in postmenopausal women has been regarded as a critical cause of this population's susceptibility to osteoporosis [5] . Osteoporosis is twice as common in women as in men [6] , and approximately one in three women over 50 years old experiences an osteoporotic fracture in her lifetime [7] .
Clinically, hormone replacement therapy (HRT) has been a popular therapeutic strategy designed for postmenopausal osteoporosis [8, 9] . However, the long-term application of HRT has potential malignant effects on reproductive tissues [10] [11] [12] [13] . Other medicines that stimulate bone formation (e.g., growth hormone, sodium fluoride, and parathyroid hormone) or inhibit bone resorption (e.g., bisphosphonates and calcitonin) may prevent bone loss progression in established osteoporosis. However, these medications are not affordable for a large proportion of the world population, especially in developing countries, and these medications have side effects, such as gastrointestinal reactions, cancers, osteonecrosis of the jaw, and reduced skeletal strength [14] [15] [16] [17] . Consequently, to substitute or reduce the medicines used currently, there are efforts to develop new drugs with improved therapeutic efficacy, fewer undesirable side effects, and lower price. Through thousands of years of human experimentation, belief in the safety, efficacy, and economy of "natural" products has contributed to these products' widespread clinical application in relieving women's postmenopausal symptoms. In recent decades, Chinese medicinal herbal extracts have been extensively investigated for their therapeutic effects on bone diseases and will undoubtedly continue to be used as a cost-effective alternative to commercial pharmaceutical products by traditional users [18] [19] [20] . In the search for new, naturally occurring antiosteoporosis agents, we identified saffron (Crocus sativus L.), which is a perennial herb of the iris family (Iridaceae) with a long history of use as a spice and food colorant in many countries, such as Iran, India, Greece, and China [21] . Saffron has been used in folk medicine for various purposes, as an antispasmodic, expectorant, stomachic, aphrodisiac, and emmenagogue [22, 23] . Crocin, a constituent of saffron, is a unique water-soluble carotenoid responsible for saffron's color and appears to possess various health-promoting properties [24] [25] [26] . Modern studies have demonstrated the pharmacological effects of saffron extracts and crocin, including antitumor [27] , antidepression [28] , antianxiety [29] , anti-inflammatory [30, 31] , memory enhancing [32] , and cardioprotective effects as well as hypotensive activities [33, 34] and anticonvulsant ability [35] . Recent studies have also reported that crocin exerts protective effects against bone diseases, such as osteosarcoma and articular cartilage degeneration [36, 37] .
A previous study by Assimopoulou et al. [38] showed that crocin exhibited significant radical scavenging activity and, thus, antioxidative activity, which was also confirmed by numerous in vivo studies [39, 40] . Crocin was also shown to revitalize cartilage and decrease bone deterioration along with inflammation and oxidative damage, which may be accredited to crocin's antioxidative nature [37] . Considering that recent studies have revealed the critical role of oxidative stress in the osteoporotic process [41] , crocin's antioxidative properties may help improve osteoporosis; however, the effect of crocin on osteoporosis has not been investigated. Therefore, the aim of the present study was to systematically evaluate the effect of crocin on osteoporosis induced by OVX in rats and to further investigate the role of crocin's antioxidative activity in the extract's beneficial effects.
Materials and Methods

Crocin.
Crocin was purchased from Sigma-Aldrich (product number 17304). General description is a highly unsaturated diterpene dicarboxylic acid ester found in saffron. All the rats were adapted to laboratory environment for 1 week before the experiment. The acclimatized rats underwent either bilateral laparotomy (sham, = 10) or bilateral ovariectomy (OVX, = 50) as previously described [42] . Four weeks after recovering from surgery, the OVX rats were divided into 5 groups: OVX with vehicle (OVX, = 10), OVX with 17 -estradiol (E 2 , oral, 25 g/kg/day, = 10), OVX with a low crocin dose (L-C, oral, 5 mg/kg/day, = 10), OVX with a medium crocin dose (M-C, oral, 10 mg/kg/day, = 10), and OVX with a high crocin dose (H-C, oral, 20 mg/kg/day, = 10). Treatment was initiated 4 weeks after OVX and lasted for 16 weeks. The body mass of each rat was monitored weekly, and the administered dose was adjusted accordingly.
Before being sacrificed, each rat was individually housed in a metabolic cage without food for 24 h. A urine sample was collected and acidified with 2 mL of 1 mol/L HCl. After laparotomy using anesthetized rats with pentobarbital sodium (intraperitoneal injection, 40 mg/kg), blood sample was collected via abdominal aorta puncture. Then, a serum specimen was harvested after centrifugation (2000 rpm for 20 min). Urine and serum samples were stored at −20 ∘ C until further testing and analysis. The uterus was removed; the wet weight was measured in grams, and the uterus index was calculated by dividing this weight by the body weight in kilograms. Femurs and the fourth lumbar (L4) vertebrae were dissected, wrapped with wet gauzes to prevent dehydration, and stored at −20 ∘ C for bone mineral density (BMD) measurement, trabecular microarchitecture analysis, and biomechanical testing.
BMD Measurement.
The BMD of the L4 vertebrae and right femurs was estimated using dual-energy X-ray absorptiometry scanning (DEXA, GE Healthcare, USA) with small animal measurement software as reported previously [43] . The measurements were expressed as grams of mineral contents per cm 2 of surface area. Scans were performed by the same blinded technician.
Three-Point Bending Test.
Before mechanical testing, the left femurs were slowly thawed at room temperature. The length of each femur (distance from the intermalleolar to the intercondylar region) was measured with a micrometer, and the center of the diaphysis was determined. Then, the femurs were submitted to a three-point bending test using a material testing machine (MTS 858 Mini Bionix II, MTS Systems Corp., USA). Each femur was placed in the machine with two support points separated by a distance of 20 mm and loaded at a speed of 2 mm/min. In the movement of the central loading point, the load and displacement were recorded until the specimen was broken. Using the loaddeformation curve, biomechanical parameters, including the maximum load, maximum stress, and Yong's modulus, were calculated according to previously described formulas [44] .
Micro-CT Analysis.
Based on the BMD, three representative L4 vertebrae from each group were selected to evaluate the trabecular microarchitecture using eXplore Locus SP Evidence-Based Complementary and Alternative Medicine 3 preclinical specimen microcomputed tomography (Micro-CT, GE Healthcare, USA). Before the scans, the bones were positioned with gauze in the sample holder and allowed to reach room temperature. The L4 vertebrae were scanned from the anterior endplate in the posterior endplate direction (22 m/slice). The isotropic voxel resolution of bone was 22 m
3 . The volume of interest (VOI) was selected as a region 25 slices away from the anterior endplate to the posterior endplate, ranging to 125 slices. The three-dimensional images were reconstructed with the purpose of visualization and display. After analyzing the VOI, morphometric bone parameters, including bone volume over total volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), trabecular thickness (Tb.Th), connectivity density (Conn.D), and structure model index (SMI), were obtained. The VOI analysis was performed blindly by the same operator.
Biochemical Analysis of Serum and Urine Specimens.
The levels of serum calcium (S-Ca), serum phosphorus (S-P), serum alkaline phosphatase (ALP), urinary calcium (UCa), urinary phosphorus (U-P), and urinary creatinine (Cr) were measured on an automatic analyzer (Ciba-Corning 550, USA) using a diagnostic reagent kit. Serum osteocalcin (OC) concentration was determined using a rat OC ELISA kit (San Clemente, CA, USA).
Oxidative Stress Status Detection.
Total SOD activity in serum was estimated by the method described by Kono [45] . One unit of SOD is defined as the amount of enzyme that causes 45% inhibition of NBT reduction under the assay conditions. As a marker of lipid peroxidation, the MDA level was assayed using the thiobarbituric acid (TBA) method described by Ohkawa et al. [46] . TBA reacts with MDA to form a diadduct, a pink chromogen, detectable at 532 nm. The source of reactive oxygen species (ROS) was analyzed by detecting the protein expression of manganese superoxide dismutase (MnSOD) and NADPH oxidase 4 (NOX4) by western blot.
Western Blot Analysis.
The expressions MnSOD and NOX4 in bone tissue were determined by western blot analysis. Femurs were excised and cleaned of all muscles and connective tissue was removed. The bones were immediately frozen in liquid nitrogen and stored at −80 ∘ C until sample processing. Bone protein was extracted as previously described [47] . The lysate was centrifuged and the protein was quantified and separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto a polyvinylidene difluoride (PVDF) membrane. After being blocked with 5% milk, the expressions of MnSOD and NOX4 were probed with specific antibodies (Cell Signaling, Santa Cruz, CA) overnight at 4 ∘ C, followed by incubation with the corresponding secondary antibodies at room temperature for 1 h. The blots were visualized with ECL-plus reagent (Amersham Pharmacia Biotech, USA). The MnSOD and NOX4 immunoblots were then stripped with strip buffer at 50 ∘ C for 30 minutes and reblotted for -actin.
Statistical Analysis.
The data are expressed as the mean ± SD. Statistical analysis was performed using one-way ANOVA combined with Bonferroni's multiple comparison test using SPSS 13.0. A value <0.05 was considered significant. Figure 1(a) , there were no significant differences in the initial mean body weight between the six study groups (all > 0.05). At week 4, the OVX group was 23.2% heavier than the sham group ( < 0.05), while E 2 significantly decreased the body weight to a level similar to that of the sham group 8 weeks after the operation ( < 0.05). However, none of the three crocin doses had a significant effect in preventing the body weight increase at any time point. As shown in Figure 1(b) , the uterus weight in the OVX group was significantly reduced to 21.1% of the uterus weight in the sham group ( < 0.05), indicating the success of the surgical procedure. E 2 significantly prevented uterine weight loss compared to the OVX group ( < 0.05). However, none of the crocin dose levels elicited any uterotrophic effects.
Results
Body Weights and Uterine Index. As shown in
BMD of L4 Vertebrae and Femurs.
The BMD of the L4 vertebrae and femurs is presented in Figure 2 . These results demonstrate that OVX significantly decreased the BMD by 23.9% in the L4 vertebrae and by 25.6% in the femurs compared to the sham group (both < 0.05). Compared to the OVX group, crocin treatment obviously prevented the BMD decrease in OVX-induced L4 vertebrae and femurs (all < 0.05) in a dose-dependent manner. E 2 also significantly increased the BMD of the L4 vertebrae and femurs (both < 0.05), which was similar to that observed in the H-C crocin group (both > 0.05).
Mechanical Testing of Femurs.
The results of the femur mechanical testing are presented in Figure 3 . Compared with the sham group, 16 weeks of estrogen deficiency significantly decreased the maximum load by 25.5%, maximum stress by 22.3%, and Yong's modulus by 30.2% (all < 0.05). Meanwhile, higher dosage crocin treatments (10 or 20 mg/kg/day) markedly prevented the OVX-induced tendency to decrease these parameters (all < 0.05). E 2 also increased the above-mentioned biomechanical parameters, which were significantly higher than those of the OVX group (all < 0.05). It is worth noting that the increase in maximum load observed for the H-C crocin group was similar to that of E 2 ( > 0.05). In contrast, Tb.Sp and SMI were significantly increased in response to OVX compared to the sham group (both < 0.05). Higher dosage crocin treatment (10 or 20 mg/kg/day) significantly improved the microarchitecture deterioration mentioned above (all < 0.05), while E 2 also reversed these parameters to the similar degree as that in the H-C group (all > 0.05).
Biochemical Analysis of Serum and Urine Specimens.
Date presented in Figure 6 show the effects of crocin or E 2 on biochemical parameters in the serum and urine of OVX rats. There were no significant differences in the values for S-Ca or S-P among all of the study groups (Figures 6(a)-6(b) ; both > 0.05). However, the levels of U-Ca/Cr, U-P/Cr, ALP, and OC (Figures 6(c)-6 (f)) were significantly increased in the OVX group by 104.5%, 36.9%, 105.9%, and 48.5% compared to the sham group (all < 0.05), respectively. All three crocin doses significantly prevented the increases in U-Ca/Cr and ALP levels (all < 0.05) in a dose-dependent manner. Higher dosage crocin treatment (10 or 20 mg/kg/day) significantly prevented the increases in U-P/Cr and OC levels (both < 0.05). Again, E 2 administration also reversed the abovementioned increases, which were statistically significant. It is worth noting that the reductions in U-P/Cr, ALP, and OC in the H-C crocin group were similar to those observed for E 2 (all > 0.05).
Oxidative Stress Status in Serum and Bone Tissue. The serum ROS level and antioxidative statuses of the different experimental groups are presented in Figures 7(a)-7(b).
The MDA level demonstrated a significant 116.1% increase compared to the sham group ( < 0.05). In contrast, the total SOD activity significantly decreased by 47.3% in response to OVX for 16 weeks compared to the sham group ( < 0.05). In order to further evaluate the potential sources of the radicals and the mitochondrial status, the protein expressions of NOX4 and MnSOD in bone tissue were detected using western blot. The data (Figures 7(c)-7(d) ) showed that OVX caused significant increase in the expression of NOX4 and decrease in MnSOD compared with that in sham group (both < 0.05). All crocin doses significantly decreased serum MDA content and bone NOX4 expression and stimulated SOD activity in both serum and bone tissue of OVX rats (all < 0.05) in a dose-dependent manner. E 2 also significantly exerted similar antioxidative effect to that of H-C crocin (all > 0.05).
Discussion
Our study is the first to demonstrate the beneficial effects of crocin against OVX-induced osteoporosis in rats. The major findings of the present study are as follows: first, treatment with higher crocin doses significantly improved the bone mass, bone strength, bone microarchitecture, and bone turnover in OVX-induced osteoporotic rats; second, the highest crocin dosage exerted the best protective effect against osteoporosis, which was similar to that of E 2 ; finally, crocin significantly attenuated oxidative stress in serum and bone tissue, indicating that crocin's beneficial effect on bone is attributed at least partially to crocin's antioxidative effects. Taken together, these results suggest the potential role of crocin as a natural alternative for postmenopausal osteoporosis management. The high incidence, serious complications, financial burden, and dramatically decreased living quality indicate the severity of osteoporosis in humans. Despite the pharmacological and clinical advantages of HRT as a widely accepted therapeutic strategy for osteoporosis, serious side effects of long-term application have also been reported. Therefore, the development of new preventive and therapeutic drugs for osteoporosis is urgently needed. In recent decades, Chinese medicinal herbal extracts have been extensively investigated for their pharmacological effects related to bone protection.
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The commonly investigated herbal extracts, such as Curcuma longa, Cistanche salsa, Acanthopanax senticosus, and Herba Epimedii [48] [49] [50] [51] , have been reported to influence the proliferation and differentiation of osteoclasts (OCs) and osteoblasts (OBs) in vitro and/or have therapeutic potency in osteoporosis in vivo. This accumulation of evidence encouraged us to explore the use of other herbs and their potential therapeutic effects in osteoporosis.
Saffron is a well-known traditional Chinese medicine. Compared to saffron's other carotenoids, crocin possesses the highest coloring capacity; the carotenoid is known for quenching free radicals and is endowed with tumoricidal properties. Crocin has been shown to exhibit beneficial effects on many organs, including the nervous system (the most studied) and the gastrointestinal, cardiovascular, genital, endocrine, and immune systems [26] . Recent studies indicate that crocin can be used to manage bone diseases and can act as an efficient antiarthritic and antiosteosarcoma agent; however, crocin's role in the osteoporotic process was not clear from these studies. Hence, we systematically investigated whether crocin effectively improves impaired bone quantity and quality, thus exerting protective effects against osteoporosis in OVX rats.
Bone remodeling is the biologic process that mediates changes in the traits that influence bone strength. Any interruption in bone remodeling, such as menopause, will disturb the balance between formation and resorption and cause bone mass loss [52, 53] . Therefore, we used OVX rats as an animal model for human osteoporosis in vivo experiments. It has been reported that statistically significant bone loss can be seen after 30 days [54] , so treatment was initiated 4 weeks after OVX. Consistent with other studies, OVX caused significantly higher body weights in our present study, which may be attributed to fat deposition caused by the lack of estrogen [55] . Previous studies suggest that estrogen plays an important role in stimulating the differentiation of progenitor cells through the osteoblast lineage but not the adipocyte lineage [56] . As expected, this excess body weight gain was completely prevented by E 2 treatment. However, crocin at all dose levels did not prevent the increase in body weight induced by OVX and did not demonstrate any uterotrophic activity. The results suggest that crocin did not mimic the effects of E 2 in the regulation of body weight and uterine tissue growth in the OVX rats.
Decreased BMD is one of the major factors jeopardizing bone strength, resulting in increased susceptibility to fractures [57] . Thus, BMD measurement can best predict fracture risk [58] . The results in the present study showed that OVX reduced BMD in the right femurs and L4 vertebrae, which are rich in trabecular bone, while treatment with crocin dose-dependently prevented the decreases in BMD. Although BMD is among the strongest predictors of facture resistance, both empirical observations and theoretical analyses show that the biomechanical properties of bone and trabecular microarchitecture influence trabecular bone strength as well [59] [60] [61] . Three-point bending tests of the left femurs in our study indicated that the higher crocin doses (10 or 20 mg/kg/day) prevented the OVX-induced tendency toward decreased biomechanical parameters.
Moreover, measurements of structural parameters using micro-CT also showed that treatment with crocin effectively restored the trabecular microarchitectural properties compared to the OVX group. In addition, the measurement of bone markers plays a role in osteoporosis diagnosis and treatment [62] . Bone mass loss, as evidenced by enhanced levels of ALP, OC, U-Ca/Cr, and U-P/Cr, indicated upregulation of bone turnover by OVX. The bone turnover markers above were dose-dependently reversed by crocin, indicating a reduction in bone turnover rate after treatment of crocin. Furthermore, it is also worth noting that crocin exhibits high efficacy and no major toxicity in experimental models [26] , suggesting crocin's effectiveness and safety for treating osteoporosis in menopausal women.
Estrogen deficiency has been considered the seminal mechanism of osteoporosis in women, but epidemiological evidence in humans and recent mechanistic studies in rodents indicate that aging and the associated increase in ROS are the proximal culprits. In 2010, Manolagas reviewed the emerging evidence that provides a paradigm shift from the "estrogen-centric" account of involutional osteoporosis pathogenesis to one in which oxidative stress-related mechanisms intrinsic to bone are the protagonists [41] . Recently, the antioxidative properties of crocin have received increased attention. In the present study, crocin reversed the increase in ROS production (MDA) and improved the activity of the antioxidative enzyme SOD in both serum and bone tissue, thereby confirming crocin's antioxidative role in osteoporosis.
Conclusion
The present study demonstrated that daily oral administration of crocin over a 16-week period prevents estrogen deficiency-induced bone loss, inhibits the deterioration of trabecular microarchitecture, maintains the biomechanical competence of bone, decreases bone turnover rate, and does not stimulate an unwanted proliferation of the uterine tissues. Moreover, the antioxidative properties elicited by crocin may contribute to the compound's beneficial effect, rendering crocin a potent protector against oxidative stress-induced bone loss during osteoporosis. Our findings indicate that crocin has the potential to be further developed as a natural alternative for postmenopausal osteoporosis management in elderly women.
